The monoclonal antibody Py was previously developed as a tool for the identi®cation of subpopulations of hippocampal neurons. Here, the dierential distribution of Py immunoreactivity in the mid-brain is described showing that Py also serves as a useful marker for other populations of neurons. Medium to strong immunoreactivity was observed in the cell body and dendrites of neurons of the oculomotor nucleus, superior colliculus and substantia gelatinosa reticulata. However, particularly intense Py-immunoreactivity was identi®ed in the magnocellular neurons in the caudal pole of the red nucleus. Unilateral transection of the rubrospinal tract at Th9-10 induced a marked reduction of Py immunoreactivity in the ventrolateral territory of the caudal pole of the axotomised red nucleus. A small but statistically signi®cant reduction of Py-immunoreactivity was ®rst seen at 7 days after surgery and a maximal loss of immunoreactivity (reduced to 66% of control levels) was observed by 21 days after surgery. Immunoreactivity in the axotomised red nucleus was reduced for the duration of the experiment but at the longer survival times studied (3 and 6 months) a small degree of recovery of staining was observed in small-medium diameter atrophic neurons. These results indicate that monoclonal antibody Py, may be a useful novel and sensitive tool for investigating the cell body reaction of particular populations of axotomised CNS neurons following spinal cord injury.
Introduction
Monoclonal antibody Py, which binds to a 146 kDa glycoprotein, was developed as a marker for the selective identi®cation of sub-populations of neurons of the adult rat hippocampus. 1 Recently, a dierential pattern of Py-immunoreactivity (IR) has been documented in the normal adult rat spinal cord. Intense Pystaining was detected in the cell body and dendrites of large neurons, particularly motoneurons and Clarke's nucleus neurons. 2 Subsequent studies in the lesioned spinal cord have indicated that Py may also be a useful tool for studying the cell body response of axotomised populations of neurons. Py-IR was rapidly lost in Clarke's nucleus neurons ipsilateral and caudal to a unilateral destruction of the dorsal spinocerebellar tract. 2 However, it is not certain whether the loss of Py-staining demonstrates a specific aspect of the cell body response to axotomy or if this reflects a more generalised phenomenon during the processes of neuronal degeneration.
In an attempt to resolve this question, possible alterations in Py-IR have been studied in axotomised rubrospinal neurons. The red nucleus is a conspicuous bilateral structure in the mid-brain tegmentum which projects to the contralateral spinal cord via the dorsolateral fasciculus. 3, 4 Axotomised rubrospinal neurons have been reported to undergo atrophic rather than degenerative changes following a midlow thoracic spinal cord injury 5 ± 11 and the contralateral (non-lesioned) region of the red nucleus may be used as an internal control for side-to-side comparisons.
Here we extend current knowledge concerning Py-IR in the adult rat CNS by demonstrating its dierential distribution in neurons of the mid-brain and show that axotomised magnocellular neurons of the red nucleus undergo a rapid reduction of immunoreactivity.
Methods
The investigation was carried out on a total of 23 adult female Sprague-Dawley rats (200 ± 250 g). Spinal cords and brains were processed for immunohistochemical investigation at 4, 7, 14 and 21 days, 3 and 6 month post operation (po) with three animals in each survival time. Three normal (unoperated) and two shamoperated animals (3 months survival time) were used for controls.
Surgical procedure
Animals were deeply anaesthetized by intraperitoneal (ip) injection of chloral hydrate (350 mg/kg body weight). The dorsal and lateral surfaces of the spinal cord were exposed by laminectomy at level Th8-9 and a lateral funiculotomy of the left side of the cord was performed. Haemostasis was established and the muscle and skin closed in layers. In sham operated animals laminectomy was followed by incision of the dura without lesioning the spinal cord.
Tissue processing for immunohistochemistry At a range of survival times, rats were given terminal anaesthesia (chloral hydrate, 640 mg/kg ip) and were perfused, via the left ventricle, with 0.9% saline (100 ml) followed by 4% paraformaldehyde containing 15% (v/v) saturated picric acid in 0.1 M phosphate buer (PB, pH 7.4). The spinal cord (including the lesion site) and brain were rapidly dissected and post®xed in 4% paraformaldehyde (24 h, 48C). Tissue was then cryoprotected in 30% sucrose (overnight, 48C) prior to being frozen in isopentane (7808C).
Assessment of lesions
Serial transverse sections of the lesion site were stained with thionin to assess the accuracy and extent of each lesion. Animals were not included in the analysis if the operated lateral fasciculus was partially spared or if the non-operated lateral fasciculus had been damaged. Following reconstruction of the lesion site, the brains of three rats per survival time (with con®rmed lateral funiculotomy) were processed further for the immunohistochemical analysis. The results obtained from all these animals are described.
Immunohistochemistry for Py
For paraformaldehyde ®xed brains, serial coronal cryostat sections (20 mm or 8 mm thick) were collected individually into 0.1 M PB in plastic microwells. While cutting, particular care was exercised to ensure that sections were as coronal as possible by assessing the bilateral symmetry of structures in the brain. Following the blocking stage of incubation in 3% normal goat serum (30 min), sections were incubated overnight in primary antibody (diluted 1 : 20 000 containing 0.1% Triton X-100) at room temperature with intermittent agitation. The next day, sections were washed in 0.1 M PB and incubated in secondary antibody (biotinylated goat anti-mouse IgM, diluted 1 : 1000) followed by the Vector ABC procedure for peroxidase staining and visualisation with 3,3'-diaminobenzidine (DAB). Omission of primary antibody was used for negative controls. The 8 mm sections were counterstained with thionin (0.02%) prior to coverslipping.
Quanti®cation of lesion induced alterations using densitometric analysis
The mean optical density of DAB reaction product in the caudal pole of the lesioned and non-lesioned red nucleus was measured by using a computerized image analysis programme, as described previously. 12 Values were taken from ten sections per animal and intraanimal right/left side ratios (ie aected/unaected side) were determined. Analyses of the normal distribution and variance of results were made. If a normal distribution and equal variance was observed between groups, the paired Student t test was applied to assess the statistical signi®cance; if a normal distribution or equal variance was not observed, the Wilcoxon test was applied.
Results
Distribution of Py-IR in the normal rat mid-brain Py-immunoreactivity displayed a dierential pattern of staining in the mid-brain allowing the territory occupied by several nuclei to be distinguished. Regions showing strong Py-IR included the red nucleus, oculomotor nuclei, super®cial and intermediate gray layers of the superior colliculus and the interpeduncular nucleus. Moderately intense staining was observed in the substantia nigra pars reticulata and deep mesencephalic nucleus. Some degree of compartmentalisation of the medial geniculate nucleus could be observed since the dorsal territory was Py-negative and the ventral territory weakly Py-positive.
The dense packing of strongly stained neuronal perikarya and dendrites clearly delineated the territory occupied by the caudal (magnocellular) pole of the red nucleus (Figure 1a ± c). Densitometric analysis indicated that, in control animals, the caudal pole of the red nucleus displayed bilaterally symmetrical Py-IR ( Table 1 ). The rostral (parvicellular) region of the red nucleus was less well de®ned since cell bodies and dendrites were less densely packed, and no distinct border could be observed between the dorsal and lateral aspects of the nucleus and the adjacent neuropil (Figure 1d ).
Immunoreactivity appeared to be con®ned to the cytoplasm of neuronal pro®les. The nucleus was unstained. In the red nucleus, immunoreactivity was most intense in the cell body and dendrites of the large diameter (25 ± 50 mm) magnocellular neurons. As described in other regions of the CNS, 1,2 when sections were viewed at high magni®cation the staining appeared ®lamentous in the proximal portion of large diameter primary dendrites. The neurons in the ventrolateral region of the nucleus appeared to be slightly larger and more intensely stained than those in the dorsomedial region (Figure 1e ). Thin (8 mm) sections, counterstained with thionin, revealed that all the large diameter cells were intensely Py-IR. The medium and small diameter neurons in the red nucleus were also Py-positive, but generally, the staining was much weaker than in larger neurons (Figure 1f) . No immunoreactivity could be detected in non-neuronal elements, such as the glia, ependymal cells or endothelial cells (Figure 3c ).
Py-IR in the red nucleus after lesion of the rubrospinal tract at low thoracic level Reconstruction of the lesion site indicated that all low thoracic hemisections resulted in a unilateral destruction of the rubrospinal tract. Occasionally, degeneration also included part of the dorsal funiculus and the contralateral gray matter. The lateral funiculus located on the unoperated side of the spinal cord always remained intact. Values are expressed as mean of the percentage of Py-IR observed in the right (axotomised) as compared to the left (nonaxotomised) red nucleus in control (CONT), sham operated (SHAM), and lesioned animals. Survival times indicated in days po (dpo) or months po (mpo). Standard deviations (SD) are also indicated No clear evidence of statistically signi®cant alterations to the intensity or distribution of Py staining could be seen at 4 days po (Figure 2a and Table 1) . However, by 7 days po, densitometric analysis revealed a small but statistically signi®cant reduction of Py-IR when compared to the contralateral non-axotomised magnocellular region of the red nucleus (reduced to 88% of control level, P50.001, Figure 2b and Table 1 ). The reduction of Py-IR progressed for the subsequent 2 weeks reaching a maximal loss of immunoreactivity by 21 days po (66% of control level, P50.001, Figure 2c , d and Table 1 ). The loss of Py-IR was restricted to the caudal pole of the red nucleus and was most striking in the ventrolateral region, where the dense arborization of intensely stained dendrites could no longer be detected. At this survival time weakly stained, medium-large diameter (25 ± 50 mm) magnocellular neurons were observed (Figure 3c ). Immunoreactivity was never completely lost in the ventrolateral region of the axotomised red nucleus. The perikarya and dendrites of small, medium and occasional large diameter neurons could be observed at all survival times. The neurons in the dorso-medial aspect of the red nucleus appeared largely unaected by transection of the rubrospinal tract at low thoracic levels.
The lesion induced reduction of Py-IR was persistent throughout the duration of the experiment (Figure 2e, f) . However, at the longest survival times (3 and 6 months po) there was a small recovery of immunoreactivity towards control levels (Table 1) . At these survival times, an unusually strong signal could be detected in many small-medium diameter neurons in the ventrolateral region of the red nucleus (compare Figure 3a and b) .
The post-lesional changes of Py-IR were always con®ned to the red nucleus contralateral to the injury. No alteration of Py-IR could be observed after sham operations. 
Discussion
Axotomy of intrinsic CNS neurons by spinal cord injury induces a variety of alterations which can be identi®ed by morphological, biochemical and molecular techniques. These neuronal changes are collectively termed the`cell body reaction' or`axon reaction', the timing and severity of which depends on a number of factors eg developmental stage of the animal, type of lesion, distance between the cell body and the site of injury and the degree of collateralization proximal to the lesion. 6,13 ± 16 A component of the cell body response to axotomy involves alterations to the cytoskeleton. The functional signi®cance of cytoskeletal modi®cation and the mechanism(s) controlling such changes remain uncertain. 15, 17 The present data describe a novel component of the cellular alterations in axotomised CNS neurons using the recently developed monoclonal antibody, Py, which binds to a 146 kDa cytoplasmic protein.
The magnocellular neurons of the red nucleus are a popular cell group for investigating axotomy induced alterations because they project to the spinal cord in a compact, readily accessible tract in the lateral fasciculus and their soma are con®ned to a relatively small area in the midbrain. 3, 4, 18 Dierential responses of axotomized magnocellular neurons of the red nucleus have been documented following spinal cord injury. These dierential responses are dependent on the distance between the lesion site and the cell body. Traumatic lesion to the rubrospinal tract at cervical level induces rapid and intense chromatolytic alterations of axotomized neurons followed by severe cell body, nuclear and nucleolar atrophy, reduced RNA levels and the death of a relatively small (but variable) number of cells. 6, 19, 20 Despite the apparently regressive nature of these changes, lesion of the rubrospinal tract at cervical levels has also been shown to induce a transient expression of the early immediate gene c-Jun and mRNA for certain regeneration-associated molecules. 21 ± 23 In contrast to the intense alterations induced by lesions at cervical levels, injury to the rubrospinal tract at mid to low thoracic levels fails to induce c-Jun and mRNA for regeneration associated genes, and the axotomized magnocellular neurons undergo mild, reversible chromatolysis, atrophy and the retraction of distal dendritic processes. 5,6,9,10,21 ± 24 This variation in cell body response, according to the rostro-caudal level of the lesion correlates with the observation that severed rubrospinal axons grow into a peripheral nerve graft only when the graft is inserted at a mid-cervical level and not when it is inserted at mid to low thoracic levels. 17, 25 The relatively mild response of the lumbar projecting rubrospinal neurons to a mid-thoracic spinal cord injury makes this an ideal model for assessing the possible usefulness of the monoclonal antibody Py as a tool for studying aspects of the cell body response of (some) lesioned CNS systems.
Previous investigations have revealed that the Py antigen is located in sub-populations of neurons in the hippocampus, cerebral cortex and cerebellum 1 in the brain. More recently the distribution of Py-IR has been documented in the spinal cord, where it also shows a dierential pattern of staining, being most abundant in cell body and dendrites of large diameter neurons in the Clarke's nucleus and also in amotoneurons. Light and electron microscopic analyses indicated that the antigen recognised by Py was associated with the cytoskeleton, 2 but further biochemical analyses are being undertaken to con®rm this.
Subsequent studies in the lesioned spinal cord have shown that the Py antigen is labile, antigenicity being rapidly lost in axotomised Clarke's nucleus neurons. 2 The loss of Py-IR in these neurons substantially preceded the ensuing cell death. However, it was not certain whether the loss of Py-staining demonstrated a novel aspect of the cell body response to axotomy or if this re¯ected an early stage in the processes of neuronal degeneration.
The data presented here strongly suggest that the lesion-induced reduction of Py-IR is a novel component of the cell body response of axotomised rubrospinal neurons. It is interesting that a slight reduction of Py-IR was ®rst detected at the early post operative survival time of 7 days po. Tetzla and colleagues have observed a precipitous reduction of actin and total tubulin mRNA which occurs between 7 and 14 days po in axotomised rubrospinal neurons following lesions at cervical levels. 21 The reduction of Py-IR was restricted to the ventrolateral portion of the red nucleus. This observation is consistent with the topographical organisation of the red nucleus, the dorsomedial and ventrolateral components projecting to cervical/upper thoracic and lumbar/lower thoracic regions of the spinal cord respectively. 4, 11, 26, 27 It is possible that atrophy of axotomised rubrospinal neurons contributes to the reduction of Py-IR. Recent studies have indicated that 4 weeks after rubrospinal tractotomy, lumbar projecting neurons display atrophic alterations combined with reduction of total dendritic length. 28 In the present study, weakly Py-IR magnocellular neurons could be identi®ed 2 ± 3 weeks after axotomy. Therefore, it is likely that atrophic alterations and loss of Py-IR from the cell body both contribute to the post-lesional dynamics of Py-IR.
The reduction of Py-IR was persistent throughout the duration of the experiment (although a small degree of recovery of immunoreactivity was observed at 3 and 6 months po). The long term reduction of Py-IR may be related to the fact that axotomised rubrospinal axons do not regenerate. At the longest survival time studied, numerous small-medium diameter, strongly Py-IR neurons could be observed in the ventrolateral region of the axotomised red nucleus. The intensity of Py-IR in these neurons was greater than that seen in neurons of a similar diameter in the non operated red nucleus. This observation may re¯ect the beginning of a phase of recovery of Py-IR in the atrophic lumbar projecting rubrospinal neurons. A similar partial recovery in the level of intracellular acetylcholinesterase has also been reported to occur in axotomised rubrospinal neurons at extended survival times. 29 Preliminary studies have indicated that spinal cord a-motoneurons also show a rapid reduction of Py-IR following axotomy (Brook et al., unpublished observations). Work is in progress to determine if the loss of immunoreactivity is reversed by the reestablishment of appropriate synaptic connectivity in the regenerating peripheral nervous system.
The present description extends our current knowledge concerning Py-IR in the adult rat CNS by demonstrating its distribution in the mid-brain. The reason for dierential staining of particular subpopulations of neurons in the CNS remains unknown. The observation that the large magnocellular neurons were intensely Py-IR and medium to small neurons were more weakly stained is consistent with previous observations. 1,2 The ®lamentous appearance of Py staining in the large primary dendrites of magnocellular rubrospinal neurons also supports similar observations made in the pyramidal neurons, Clarke's nucleus neurons and a-motoneurons.
1,2
The mechanism(s) underlying the reduction of Py-IR are at present unknown. It is possible that reduced expression of mRNA for the Py antigen or altered post-translational modi®cation (eg increased or decreased phosphorylation) may play a role in the loss of Py-IR. Examples of such post-lesional changes involving cytoskeletal proteins have been observed in other axotomised intrinsic and extrinsic neurons of the CNS.
21,30 ± 34

Conclusion
Although the functional role of the antigen recognised by Py remains unknown, the dierential distribution and apparent sensitivity to axotomy suggests that Py may be a useful novel marker for studying the mechanisms involved in cellular alterations of axotomised neurons following spinal cord injury.
